Microbes interact with the world around them at the chemical level. However, directly 21 examining the chemical exchange between microbes, and microbes and their environment, at 22 ecological scales, i.e. the scale of a single bacterial cell or small groups of cells, remains a key 23 challenge. Here we address this obstacle by presenting a methodology that enables Matrix-24 assisted laser desorption/ionization (MALDI) imaging mass spectrometry (IMS) of bacterial 25 microcolonies. By combining optimized sample preparation with sub-atmospheric pressure 26 MALDI, we demonstrate that chemical output from groups of as few as ~50 cells can be 27 visualized with MALDI-IMS. Application of this methodology to Bacillus subtilis and 28 Streptomyces coelicolor revealed heterogeneity in chemical output across microcolonies, and 29 asymmetrical metabolite production when cells grew within physiological gradients produced by 30 Medicago sativa roots. Taken together, these results indicate that MALDI-IMS can readily 31 visualize metabolites made by very small assemblages of bacterial cells, and that even these 32 small groups of cells can differentially produce metabolites in response to local chemical 33 gradients. 34 35 36 Body 37 In microbial habitats, from soils to oceans to the intestinal lumen, nutrient availability and 38 physical topology are heterogenous, and chemical gradients are pervasive (1-4). Our 39 knowledge of the spatial distribution of bacteria within these environments is relatively sparse, 40 however, it is widely hypothesized that bacteria exist as single cells or in small patches of clonal 41 populations (1, 4-6). Thus, microbes likely interact with environmental gradients and each other 42 at scales on the order of microns to hundreds of microns.
Microbes may modify their local chemical environments in multiple ways, including 45 depleting nutrients, excreting metabolic waste, and producing public goods such as 46 siderophores and biofilm matrices (7) (8) (9) . Many microbes also make a wide array of specialized 47 metabolites, which are thought to mediate interactions ranging from chemical warfare to 48 cooperative coordination (10, 11) . Additionally, bacteria may modify the lipid content of their 49 membranes depending on environmental conditions (12) (13) (14) . These molecules likely function in 50 a world of microgradients, though what this may look like in space remains largely unknown.
51
Gaining an understanding of how microbes respond to, and alter, their local chemical 52 environments, including within microbiomes, will require methodologies that provide spatial 53 information about microbial chemistry at micron scales.
55
Matrix-assisted laser desorption/ionization (MALDI) imaging mass spectrometry (IMS) is 56 a promising technique for assessing spatial patterns of microbial chemistry (15) (16) (17) . To this 57 point, direct MALDI-IMS of microbes has mostly been applied to macroscale colonies. These 58 structures are relatively large (e.g. millimeters in diameter), and spatial resolutions of ~400-600 59 µm pixels have been sufficient to visualize differential metabolite production (15-17). However, 60 the limits of MALDI-IMS remain to be explored in terms of visualizing molecules produced by 61 bacteria at ecologically-relevant spatial scales, i.e. on the order of 1-100 µm. Here we report our 62 progress in using IMS to visualize metabolites produced by microcolonies of bacteria, at a high 63 spatial resolution of 10 µm.
65
To determine if features from microcolonies of bacteria could be detected by MALDI- 
78
Exactive mass spectrometer, a combination that provides both high spatial and high mass 79 resolution.
81
Analysis of the MALDI images revealed a variety of chemical features with spatial 82 distributions that matched the cellular arrangement seen in the phase contrast micrographs with 83 surprising fidelity ( Fig. 1A and B, supplementary Fig. S2A-K, S5A-H) . We were able to 84 chemically identify a subset of the features ( Supplementary Tables S1 and S2 
88
[M+Na]+ (m/z 745.5 ± 0.1) ( Supplementary Fig. S1E, F and Fig. S3 ). The MS/MS 89 fragmentation pattern of the ion with the m/z 1036.7 ± 0.1 detected in a sample of B. subtilis 90 macrocolony was identical to that of an authentic commercial standard (Fig. 1B) . Under these 91 conditions, surfactin was only detectable in the largest microcolonies, while membrane lipids 92 were detectable in almost all microcolonies (Fig. 1A, supplementary Fig. S2A-K) . Given the 93 known size range for B. subtilis cells (19), we calculate that the colony marked with a black 94 arrow in Fig. 1A is comprised of 26-52 cells.
96
For S. coelicolor we detected multiple features that correlate with 97 phosphatidylethanolamine (PE) lipids (e.g. m/z 678.4 ± 0.1, Supplementary Fig. S4A ) (13), 98 and a separate series of features previously hypothesized to represent a set of uncharacterized 99 lipids exemplified by m/z 831.6 ± 0.1 (20) (Supplementary Fig. S4B, C and S6) . Interestingly, 100 the PE lipids were distributed across the entirety of the microcolonies, while the uncharacterized 101 lipids were localized to the outer periphery of the colonies (Fig. 1C, supplementary Fig. S5 ).
102
These observations are consistent with the dynamic lipidome made by this organism (13).
103
Together, these results demonstrate that metabolites produced by bacterial microcolonies 104 comprised of relatively low numbers of cells can be readily detected using MALDI-IMS.
106
The methodology presented here could provide insight into the chemical responses of 107 microbes to physiological microgradients, such as those that likely occur in natural 108 environments. Therefore, we sought to image microcolonies growing in the context of a were detectable in microcolonies farther away from the root ( Fig. 2A, supplementary Fig. S1D,   118 G and S2L-V). This finding is consistent with the proposed role of surfactin in initiating biofilm 119 formation on plant roots (21-23), although this has never been observed at the chemical level at 120 the microcolony scale. This observation is also in broad agreement with the findings of Debois 121 and co-workers, who saw surfactin produced by Bacillus amyloliquefaciens biofilms on tomato and Arabidopsis roots after 24 hours of colonization using IMS at a macro scale. (24). Thus, the 123 methodology presented here can shed light on the spatial distribution of the chemistry involved 124 in the very early stages of root colonization, when metabolite biosynthesis is heterogenous at 125 the level of individual microcolonies. We also found that the different surfactin adducts [M+H] + ,
126
[M+Na] + , and [M+K] + showed subtly distinct distributions ( Fig. 2A and supplementary Fig. S2U metabolites differentially produced by individual microbial microcolonies composed of as few as 149 ~50 cells. Beyond this, we found that even small assemblages of bacterial cells can produce 150 metabolites asymmetrically in response to environmental gradients. This advance lays the 151 foundation for interrogating the chemical topologies produced by bacteria within diverse 
